Several models of (quantum) gravity predict tiny violations of Lorentz Invariance (LI) at microscopic (Planckian) scales, which increase with the energy of the probe and amplified with the distance of the source. Thus, astrophysical/cosmological energetic probes provide the best test grounds of LI. The talk reviews the status and prospects of such tests, using high-energy cosmic γ detectors. TheČerenkov Telescope Array (CTA) is an excellent experimental tool for making such tests with sensitivities exceeding those possible using other detectors.
Introduction and Motivation
A century after Einstein's proposal for General Relativity (GR), Quantum Theory and Gravity still remain hard to reconcile, despite considerable effort. GR is a classical theory, which respects Lorentz Invariance (LI) locally, as a result of the strong equivalence principle. However, from the quantum-mechanical point of view, the vacuum, which is the lowest-energy state of a physical system, should be regarded as a medium that may have virtual structure, even if it is devoid of physical particles. As such, it may have non-trivial effects on particle propagation, even if LI is an underlying (classical) principle. This effect is, of course, familiar in the cases of photons propagating through plasmas at high temperatures or superconductors at low temperatures.
Wheeler argued, generalising arguments on uncertainty principles of quantum mechanics, that space-time would no longer appear flat at distance scales Δx ∼ 1/M P = 10 −35 m (M P = 1/ √ G N ∼ 10 19 GeV, the Planck mass scale, with G N the gravitational constant), possibly with the appearance of topological fluctuations as well as non-topological irregularities. Heuristic models of such quantum-gravity space-time foam have been proposed [2] [3] [4] [5] [6] [7] [8] [9] [10] , in which microscopic fluctuations of spacetime are responsible for inducing a medium characterised by a non-trivial 'index of refraction', which in several of these models is proportional to some integer power of the energy E of the probe. Simple models suggest that the photon group velocity might deviate linearly from that of light in Lorentz-invariant vacua:
where M 1 is some large mass scale that might be O(M P ). 11 . Time-space stringy uncertainties come into play in such models 12 , leading to mechanisms involving absorption and re-emission of the photon by the defect. This slows down the photon (as in conventional media), leading to a linear energy dependence of the refractive index, with M 1 ∼ M s /g s η(z) being in general redshift z dependent in case of inhomogeneous D-particle defect populations 12 with the linear densities of D-particles η(z) being phenomenological parameters to be constrained by cosmological/astrophysical observations 13 . This qualitative picture has several important, generic features: (i) The refractive index η (defined through the photon phase velocity v ph = p/E = c/η) should be larger than unity, corresponding to subluminal propagation of energetic photons 3 a . (ii) The quantum-gravity-induced refractive index, in contrast to the ordinary material medium case, should increase with energy, which might be expected on general grounds, since gravitational interactions are in general proportional to some power of G N . (iii) The interactions of different particle types with the space-time foam would not be universal, in general, so they would have different refractive indices. In the specific case of the photon, there is no conserved quantum number to impose a selection rule inhibiting its absorption and re-emission by a space-time excitation modelled by a D-particle. On the other hand, the interaction of a charged particle such as an electron with these excitations might well be inhibited 15 (D-particles do not carry electric charges). A similar argument applies to the proton, with the added complication that it is a composite particle, further complicating the discussion. The case of the neutrino is different again: it has no electric charge, and lepton number is not expected to be absolutely conserved at the scale of quantum gravity. On the other hand, as a fermion the neutrino could not simply be absorbed by a space-time defect unless they occur in boson-fermion doubletsà la supersymmetry.
The above-described space-time foam effects are amplified by the distance the probe has travelled from emission to observation. Combined with the feature that the quantum-gravity-induced refractive index increases with the energy of the probe, this implies that distant, rapidly-varying astrophysical/cosmological sources of highenergy γ rays could provide some of the most sensitive probes of some models of Lorentz invariance (LI)
2 . Such tests of LI, or searches for LI Violation (LIV), may be pursued from a purely phenomenological point of view 16 , prompted by, but not limited to, specific heuristic models, specifically by testing for a possible deviation δv from the speed of light in the propagation of energetic photons that increases as some power of energy:
n , in particular n = 1 or 2.
a The fact that photons should not travel faster than c can be argued independently on general grounds: if they did, they would emit gravitationalČerenkov radiation and lose energy unacceptably quickly 14 The current status and prospects for such tests will be the subject of the next sections of this review, which is dedicated to the occasion that the year 2015 has been officially declared as the year of light. The talk focuses on studies of cosmic light in order to extract fundamental properties of space time. As discussed in Ref. 17 and reviewed below,Čerenkov Telescope Array (CTA) 18 will be uniquely well placed to carry these tests to the next level of sensitivity 19 .
Current Tests of Lorentz Invariance with Cosmic Photons
It was proposed in Ref.
2 that one can probe Lorentz violation by searching for the smearing of transient features in high-energy γ emissions from astrophysical sources. To the extent that such sources are not monochromatic, the observations at Earth of photons in such emissions would be retarded by amounts increasing with energy, and (approximately) coincident arrival times of photons with different energies can be used to constrain the parameters M n . It is clear that the figure of merit for such studies is LΔ(E n )/Δt, where L is the distance of the source and Δt is the time-scale of transient emissions. Candidate astrophysical sources include pulsars, Active Galactic Nuclei (AGN) and Gamma Ray Bursters (GRB).
Two cautionary comments are in order. One is that the spectra of transient emissions from many astrophysical sources become harder with time. Thus, a higher-energy photon may be relatively more likely to have been emitted later, potentially polluting any search for a Lorentz-violating refractive index. It is therefore essential to devise tools for discriminating between retardation effects at source and during propagation. In principle, this could be done by comparing the smearing of sources at different distances, since any propagation effect would increase with L whereas (in the absence of evolutionary effects) source effects should be L-independent. However, this strategy entails the observation of emissions from a number of sources at different distances, and presupposes the existence of a class of 'standard lighthouses' sharing common time structures in their high-energy emissions. Observations of GRBs are more copious than observations of time structures in emissions from AGNs, but neither are very uniform 'standard lighthouses'. The second comment is that any statistical separation between source and propagation effects would need to be extraordinarily convincing, which suggests that corroborating evidence from at least two classes of sources should be required, e.g., both GRBs and AGNs, with a statistically significant set of data.
Early studies of Lorentz violation, furnished by different types of astrophysical sources, including the Crab Pulsar and AGN Markarian 421 2, 20, 21 , provided a sensitivity to M 1 ∼ 4 × 10 16 GeV 21 . However, these pioneering studies had relatively low statistics and distances from observation points, and were not able to disentangle source and propagation effects. The first study to attempt this by combining data from several different sources at different distances was made using a sample of GRB emissions observed by BATSE and OSSE 4 . Subsequent upgraded fits, analyzing emissions from 35 GRBs with measured redshifts z ≤ 6.29 observed by the BATSE, HETE and SWIFT instruments, yielded the robust lower limit
16 GeV at the 95% CL 22 , despite a strong correlation between the source and propagation parameters in the fit.
The observation of cosmic photons with much higher energies lead to significant improvement on the sensitivity of LI tests. Fig. 1 compares the sensitivities of different experiments to the time-lag/energy ratio Δt/E as functions of:
where the Hubble expansion rate h(ẑ) = Ω Λ + Ω M (1 +ẑ) 3 , which measures the distance of the source from the observation point. As seen in Fig. 1 , greater sensitivities to Δt/E, and hence M 1 , have been found in two analyses of AGN flares. The first was a flare of γ-rays with energies < ∼ 10 TeV from Markarian 501 at z = 0.034 observed by the MAGIC telescope, which had sensitivity to M 1 ∼ 2 × 10 17 GeV 23 . The second was a flare of γ-rays with energies < ∼ 1 TeV from PKS 2155-304 at redshift z = 0.116 observed by the H.E.S.S. telescope, which yielded sensitivity to
18 GeV 24 . Several factors contributed to the greater sensitivity of this observation: the higher redshift, the higher range of γ energies and the larger statistics. All of these are features that CTA may hope to improve further, principally by virtue of its much greater collection power. The principal competition for these AGN observations is currently provided by Fermi GBM/LAT measurements of energetic γ-rays from GRBs. As also seen in Fig. 1 , the most sensitive of these to date has been provided by observations 25 of GRB 090510 at z = 0.90, in particular the observation of a single photon with E γ ∼ 31 GeV. The sensitivity to M 1 inferred from this single photon depends whether one assumes (most conservatively) that it was not emitted before the start of any detectable emission below 1 MeV, M 1 ∼ 1.4 × 10 19 GeV, or that it was not emitted before the start of emission above 1 GeV, M 1 ∼ 1.2 × 10 20 GeV, or (most aggressively) that it was associated with the nearest 1 MeV emission spike, in which case the sensitivity is to M 1 ∼ 1.2 × 10 21 GeV 25 . This remarkable sensitivity is traceable in part to the cosmological redshift and the fine time structure, which are typical of GRB emissions, as well as to the observation of a very-high-energy γ-ray from a GRB. It should be mentioned that one can still fit the GRB 090510 data together with the rest of fig. 1 data within a refractive index scheme obtained from an inhomogeneous D-particle foam models 12, 13 . There have also been attempts to take into account microscopic astrophysical mechanisms for photon acceleration in GRB models, together with quantumgravity-induced propagation effects. The intrinsic time delay Δ intr between emissions of low and high energy photons using, e.g. the magnetic jet model for acceleration 26 , has been implemented together with linear LI Violation effects in a unified scenario both for long and short Fermi-detected GRBs 27 . The total time delay in such analyses between low and high energy photons is given by the sum Δ intr + Δ LIV , where the second term contains the LIV refractive index effects, suppressed by the scale M 1 . Such studies yield M 1 ∼ 10 20 GeV, mainly due to the inclusion in the data of the GRB 090510.
The previous paragraphs focused on the possibility of a photon speed decreasing linearly with energy, where the finer time structure of GRB emissions gives them an advantage over AGN emissions. However, the situation is different when one considers a quadratic dependence:
2 . In this case, the higher energies seen in AGN emissions confer on them a significant advantage. For example, the MAGIC data on Markarian 501 yield a sensitivity to M 2 ∼ 2.6 × 10 10 GeV 23 and those on PKS 2155-304 are sensitive to M 2 ∼ 6.4 × 10 10 GeV 24 , with which the observations of GRB 090510 25 are not competitive. As mentioned in the introduction, Lorentz-violating effects on the propagation of different particle species are not expected to be universal, and sensitivities to (constraints on) Lorentz violation for electrons, protons and neutrinos are of independent interest in their own rights. We note, in particular, that broadband observations of electromagnetic radiation from the Crab Nebula restrict very severely any possible Lorentz violation for the electron, so that the corresponding M e 1
M P
16 . Important constraints on Lorentz violation for other particles are provided by observations of ultra-high-energy cosmic rays (UHECRs), via constraints on both conventional processes such as p + γ → p + π 0 , n + π + and unconventional processes such as p → p + γ, p + π 0 that are forbidden by Lorentz invariance 28 . There are also very stringent constraints 16 on models that predict birefringence 9 , unlike the stringy models of Ref. 3 . In the latter category belong also some models of (quantum) refractive index in parity-violating scalar dark matter interacting with photons 29 .
Prospects for CTA and Complementarity with Other Detectors
High-energy astrophysics and related aspects of cosmology are the bread-and-butter science issues for theČerenkov Telescope Array (CTA) 18 , but measurements related to fundamental physics can be easily accommodated in its research agenda 17, 19 . One such possibility is to use transient high-energy emissions from distant astrophysical objects observed by CTA to probe the validity of Lorentz invariance. The large collection area and acceptance of CTA will provide it with unique prospects for gathering data on astrophysical sources of energetic γ-rays, and hence new opportunities for probing Lorentz violation, due to its ability of reaching higher energies, larger redshifts and finer time structures. Indeed, CTA will : (i) be able to make much more detailed studies of known sources such as the AGNs Markarian 421, Markarian 501 and PKS 2155-304, which should provide higher-energy γ-rays as well as greater statistics, and might reveal smaller structures in their γ emissions, (ii) also be able to extend γ-ray observations to a larger family of less-luminous AGNs, including objects with similar intrinsic luminosities to known AGNs, but with larger redshifts, improving the sensitivity to Lorentz violation and providing a longer lever arm for separating source and propagation effects, apart, of course, from making possible more systematic studies of the source effects themselves, (iii) CTA may also detect a population of nearby objects with less intrinsic luminosity, which a priori, might have smaller emission regions and hence exhibit more rapid flux variations. Of course, it must be said that the improvements in sensitivity to Lorentz violation are somewhat uncertain, due to the stochastic properties of γ-ray emissions.
A typical spectral index Γ :
24 , implying, e.g., that a collecting power ∼ 100 greater than that of H.E.S.S. would be required to extend its observations of PKS 2155-304 to γ-rays with E γ ∼ 10 TeV. Nevertheless, if this could be achieved, and assuming the observation of a transient structure in emissions with a similar time-scale, it would extend the sensitivity reported in Ref. 24 to M 1 ∼ 10 19 GeV. However, there is a potential limitation to what can be achieved with higherenergy γ-rays, since their mean free path for interaction with (and hence energy loss to) microwave and infrared background photons imposes an effective limit on the energies of photons emitted at large redshifts that can in fact be observed. For example, it is calculated that interactions with the cosmic microwave background would prevent the observations of photons with energies E γ > 100 TeV emitted from more than a few Mpc away. The cosmic infrared background is less well determined but, as seen in Fig. 2 The same issue arises in considering the potential for observing emissions from larger redshifts. For example, it is seen in Ref. 30 , assuming conventional Lorentzinvariant kinematics, that only photons with E γ < ∼ 300 GeV are likely to be observable in emissions from z ∼ 1. Nevertheless, if one assumes that a structure similar to that observed by H.E.S.S. in emissions from PKS 2155-304 were to to be observed in TeV-scale emissions from an AGN with z ∼ 1, which might be possible with the collecting power of CTA, this would also give sensitivity to M 1 ∼ 10 19 GeV 17 . Detailed feasibility studies for CTA sensitivity to Lorentz-violating effects on the γ-ray horizon can be found in Ref. 34 .
Alternatively, one may consider the possibility of observing transient emissions with shorter time-scales than those observed from AGNs so far, which might exist for a variety of astrophysical reasons 17 . Although the magnitudes of any small-timescale fluctuations are likely also to be of smaller amplitude than those observed from, e.g., PKS 2155-304 observed by H.E.S.S., nevertheless, if the larger statistics obtainable with CTA were to reveal structures with time-scales an order of magnitude shorter than that observed from PKS 2155-304, but with similar energies and from similar redshifts, sensitivity to M 1 ∼ 10
19 GeV∼ M P , the characteristic mass-scale of quantum gravity, might again be attained.
The principal competition for CTA in probing Lorentz violation with photons will be provided by experiments studying emissions from GRBs, such as Fermi GBM/LAT. However, since a refractive index η ∼ E γ /M 1 yields a time delay proportional to K(z) (2), which is significantly nonlinear at large redshifts, there is no great advantage in sources with z > 1. Rather, consolidation of the sensitivity attained with GRB 090510 will require significantly more statistics of comparably energetic photons, which are currently in short supply with the Fermi satellite. Moreover, establishment of a solid limit on M 1 (either lower or upper) would require concordant measurements with different classes of sources, with their different source effects, e.g., both GRBs and AGNs.
